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Abstract 
In the article are presented modern and economical solutions for reducing time of passing by and for 
improving  attractiveness of the old part of the city. Transit road is designed on an underground level 
(lower part) with distribution ways (ramps-on and ramps-off) to the ground level (upper part). Tram 
traffic stayed on the ground level with track beds over tunnels or directly on cantilevers structures. In 
the article are presented results of complex engineering calculations and  choice of economical, 
structural and functional final arrangement. 
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1 Introduction 
The huge project, consisting in the replacement of continuously jammed at-grade road, by a 
modern two-level traffic system with grade-separated access roads, was designed in the centre of the 
city of Lodz.  
Car/bus traffic is placed below the ground level while the tram traffic remains at the ground level 
only. In the central part of the two-level road section, there is built the impressive tram stop (99 x 32 x 
12.8 m), in secessionist style. It is placed on the tunnel slab. The beautiful colourful passenger waiting 
shelters at tram stops are an extra attraction in the city centre. 
The construction includes over one km of the road section. More than 2.9 km of retaining walls, 
one road tunnel, two viaducts and four tram cantilever structures were designed. The work was phased 
so that the driving capability of the main traffic artery was maintained all the time. Particular access 
roads and side roads were closed only temporarily. The inconveniences caused by road works for the 
city inhabitants were not completely avoided but they were successfully minimised as much as 
possible. 
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New line of faster tram with two-level road traffic improves traffic flow at intersections, reduces 
the noise and pollution. New and modern concept of development is presented on the photograph (see 
Figure 1).  
 
2 Geotechnical Conditions 
The ground in the building site consists mainly of Quaternary formations: moraine deposits, 
fluvioglacial deposits and dames soils. The near-surface layers below anthropogenic soil fills consist 
of sandy clays, clays and loamy sand. Below, there are medium sands, coarse sands and fine sands 
with gravels. Dammed soils represent fine sands, silty sands, silts, sandy silts, silty clays and clays.  
The ground conditions of the placement of the structures on the diaphragm walls were good. It was 
ascertained that bearing capacity of soil for the cohesive soil was qc~3÷5 MPa and qc~28÷50 MPa for 
the non-cohesive soil. (according to [1]).  
Continuous ground water table was found in the layer of fluvioglacial and dammed sands. The 
ground water table was stabilized at 1.5m to 5.0 m below ground level. The lower level of ground 
water was stabilized at 8.5 m below ground level and it was below a level of foundation slab of the 
tunnel.  
A risk of the rise of the water level during execution of works in the tunnel was small. Only one 
place gave fear about possibility to exist hydraulic perforation during tunnels drilling. Because of this, 
the general contractor executed additional full tube holes to 15 m depth in order to confirm ground 
water level location. The tests excluded possibility of hydraulic perforation. 
 
 
Figure 1: Photograph of the designed and built structures. 
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3 Diaphragm Walls as Retaining Walls 
Due to variable depth of the excavation executed in an highly urbanised area and because of a great 
number of exit roads at various levels, it was necessary to design retaining structures in a form of 
diaphragm walls with a diverse range of schemes of structural behaviour: 
x support for excavations with the lowest open height 
x walls anchored with permanent ground anchors 
x internal walls connected by steel tie rods, protecting centrally located tram trackage  
x tunnel casing constructed by using the top-down method  
x walls strutted with target steel trench struts in the case of walls located close to each other  
x tunnel middle walls transferring vertical loads  
x middle walls designed for the tramway flyover. 
 
The cross-section below (see Figure 3) shows various computational schemes. It  reveals the 
necessity of a suitable design of parallel walls. In a case when a few parallel walls are located close to 
each other and, at the same time, some ground anchors are used with bonded lengths running under 
internal walls, it is needful to shorten these walls in order to  avoid the cantilever scheme. In order to 
be able to shorten these walls,  they are also anchored.  
It would be a much simpler solution to construct a T-shape wall instead of rectilinear walls, which  
significantly increases the wall’s stiffness and reduces its displacements. However, it was impossible 
due to the lack of space (close plot boundary),  and because of  numerous buried utilities located in the 
area of the streets.  
 
 
Figure 2: The part of soil profile in the tunnel area. 
Two-level Structure for Tram and Road Traﬃc in the Centre of City–Lodz Tomczak and Mielczarek
576
  
Given such a great number of anchors (a total length of more than 5 km), the ground anchors 
installation itself also created great difficulties connected with the location of power cables, sewerage 
networks, etc. Anchors were being adjusted to the existing and designed locations of buried utilities by 
changing anchor inclination, levels and bonded length locations so as not to destroy the existing 
installations and have access to newly designed installation in case of their future maintenance.   
The calculations of single walls as retaining structure were made by using Paroi2009, a specialized 
software designed for such calculations (owned by Soletanche Polska) and GEO5 software. Developed 
by SIF-BACHY enterprise, PAROI 85 and Paroi 2009 software packages, model the soil as an elastic-
plastic half-space whose behaviour is determined by Winkler conditions. Each of the calculation 
phases, following in succession, takes into account the state of strain and stress from the previous 
phase as its initial state. Static calculations for individual cross-sections were also made by using the 
GEO5 software. The software ‘Wall analysis’ serves to analyse the shoring of deep excavations 
(anchored, strutted and cantilever sheetpile walls) with the use of the modulus of subgrade reaction 
method. In this method, the value of horizontal passive earth pressure in the point under consideration 
is directly proportional to the wall’s horizontal displacements in that point. The present solution uses 
the Finite Element Method (FEM), which enables the structure behaviour to be exactly modelled in 
successive construction phases. Displacements and internal forces in the wall and strutting 
components are also determined. 
In the case of cross-sections with many parallel walls constructed at different levels, effects of their 
mutual influence cannot be neglected. For such points, additional calculations were made by using 
Plaxis 2D, a geotechnical software based on the Finite Element Method.  
The maximum displacements of 11mm for individual cross-sections were assumed in the 
calculations (presented in [4]). The geodetic monitoring, conducted during the work, showed that the 
maximum walls displacements  reached  18mm (according to [3]). 
 
 
Figure 3: Cross-section of parallel walls with the tramway flyover founded on the middle wall 
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4 Framing Systems 
 
A framing system, consisting of two external diaphragm walls (60 cm thick), middle wall (80 cm 
thick),bottom and top slabs, was designed for the 249-metre-long tunnel..  
The vertical load-carrying capacity of the diaphragm walls, which support the flyover, viaduct and 
tunnel structures, were calculated with taking into account the diaphragm wall design guidelines  
according to the Polish instruction ITB 230/1980 [2]. The tunnel and viaduct frames were modelled by 
means of spatial shell finite elements joined rigidly in nodes. Ground interactions were modelled by 
means of elastic bearings for which quantities were determined by means of Mieczysław Kosecki 
generalised method [5].  Calculations obtained for reliable load combinations were used as the basis 
for the dimensioning of the reinforcements of diaphragm walls and horizontal beam. The connection 
of the bottom slab as a rigid horizontal disk with the tunnel diaphragm walls was modelled as a pin 
connection. At the same time, the displacements and bending moments of the diaphragm walls were 
correlated with the calculations for external walls made as for retaining walls by using the 
geotechnical software. If there was the need for a greater vertical load-carrying capacity of the middle 
wall, it was lengthened in relation to the external walls. This is the case of Sienkiewicz Viaduct and 
Wólczańska Viaduct.  
 
5 Walls as Tramway Flyover Supports  
The most demanding computational challenge was an unusual solution of the tramway flyover 
which was to be founded on partially excavated diaphragm wall 80 cm thick only.  
The middle diaphragm wall, being the tramway flyover support, was modelled similarly as the 
tunnel facilities by using spatial shell finite elements. When defining the structure, after a multi-variant 
analysis, the flyover wall was assumed to be rigidly connected with the bottom slab, which while 
interacting with the substrate, limited the horizontal displacements of the support edge. The scheme, in 
which the flyover wall was not rigidly connected with the bottom slab, was also analysed – then, the 
support edge displacements were acceptable. However, due to the minimised displacement values and 
to the raise of the structure safety level, the solution with the rigid connection, as shown in Figure 5, 
was chosen. 
 
 
 
Figure 4: Shell models showing the distribution of bending moments in the tunnel’s horizontal 
beams and diaphragm walls. 
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The maximum deformations for the flyover load-carrying structure were determined by taking into 
account unfavourable impacts of moving loads and selecting the worst case option based on the results 
of calculations for all standard combinations. 
 
The following four options of founding were considered: 
1) Ground anchored design, without horizontal strutting by disk at the level of maximum 
excavation. Figure 6a presents the deformations of flyover structure support computed under  
assumption that the structure is fixed in ground. The bottom slab has not been assumed for 
this option at all.   
 
2) Ground anchored design, strutted with a horizontal disk at the level of maximum excavation 
(with the bottom slab with wall-slab pin connection). Figure 6b presents deformations of the 
flyover structure support  computed under assumption that there is a pin connection between 
the wall and slab and the wall anchorage length is 7.0 m. This solution restricts the horizontal 
displacement of the supports edge but results in significantly overrated vertical component of  
bearing capacity of the foundation.  
 
3) Ground anchored design, strutted with a horizontal disk at the level of maximum excavation 
(with the bottom slab with wall-slab pin connection). Figure 7a presents the flyover support 
structure deformations under assumption that there is a rigid connection with the bottom slab. 
This solution guarantees the limited deformations of the flyover structure support and has the 
foundation depth optimally accorded with the design loads.  
 
Figure 5: Typical cross-section of tramway flyover supports. 
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4) Design as for option 3 but strutted with a horizontal disk pin-connected with the wall. Figure 
7b presents the flyover support structure deformations under assumption that there is a pin 
connection with the bottom slab. Increased horizontal displacements of the support edges 
were observed with a simultaneous increase of theoretical displacements of the foundation 
base. This solution could be acceptable due to the foundation’s vertical  bearing  capacity but 
it was rejected due to operational reasons.  
After the economic analysis of the solutions satisfying load-carrying capacity and functional 
requirements had been made, the solution with monolithic connection of the bottom slab with the 
middle wall was selected (see Figure 7a). An increase in the wall length, in order to achieve suitably 
low displacements of the horizontal beam without a rigid connection with the slab, generated 
significant costs and was unnecessary as the original length of the wall ensured sufficient vertical 
load-carrying capacity. Getting the bottom slab involved in load transfer allowed the structure 
foundation to be optimally designed. 
 
(a)     (b) 
Figure 6: Structure deformations: for options 1 – a, for options 2 – b. 
  
(a)     (b) 
Figure 7: Structure deformations: for options 3 – a, for options 4 – b. 
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6 Conclusions 
In order to design so complex project in the most cost-effective manner, with meeting all 
functional requirements, the designers and the contractor had to make many computational and cost 
analyses, as well as closely cooperate at each stage of the project.  
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